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We have carried out a study of the photoluminescence properties of silicon-rich silica. A series of
films grown using plasma enhanced chemical vapor deposition over a range of growth conditions
were annealed under argon at selected temperatures. Photoluminescence spectra were measured for
each film at room temperature and for selected films at cryogenic temperatures. The
photoluminescence spectra exhibit two bands. Fourier transform infrared and electron spin
resonance spectroscopies were used to investigate bonding and defect states within the films. The
data obtained strongly suggest the presence of two luminescence mechanisms which exhibit
different dependencies on film growth conditions and postprocessing. We make assignments of the
two mechanisms as ~1! defect luminescence associated with oxygen vacancies and ~2! radiative
recombination of electron-hole pairs confined within nanometer-size silicon clusters ~‘‘quantum
confinement’’!. © 1996 American Institute of Physics. @S0021-8979~96!04912-2#I. INTRODUCTION
Light emission from silicon-based devices is an impor-
tant research area in the electronics industry, as the realiza-
tion of such devices would make it possible to capitalize on
the broad base of knowledge available and to efficiently in-
terface with existing electronics technologies. However, the
indirect band gap of silicon means that it is a very inefficient
light source. This has so far precluded the achievement of
true large scale optoelectronic integration at reasonable cost.
Recent developments of new forms of silicon have re-
newed interest in the production of silicon-based luminescent
devices and there is currently significant activity in the field
of light emission from novel forms of silicon. Following
Canham’s initial report of porous silicon1 there has been an
explosion of interest into its novel optical properties, and
indeed it does seem to generate light surprisingly efficiently
for an indirect band-gap material. Figures quoted for quan-
tum efficiency are typically around 5%.2 There are now a
large number of groups working on many aspects of porous
silicon, from fundamental theory3–5 to the production of pro-
totype luminescent devices.6–8 However, the recognized in-
stability of the material may suggest that it is perhaps less
suitable for general device use than was originally thought.
Reduction in light output after prolonged exposure to the
atmosphere and light-induced degradation continue to pose
problems.9,10
A related material which has recently begun to generate
interest in silicon-rich silica ~SiOx , x,2!, arguably a more
robust material which exhibits similar optical properties to
porous silicon but is significantly less susceptible to damage.
It consists of nanometer-size silicon aggregates suspended in
a silica matrix. Although luminescence was reported in this
material some time ago,11 it is only recently that its optical
properties have begun to be thoroughly studied. A number of
a!Electronic mail: t.kenyon@eleceng.ucl.ac.ukJ. Appl. Phys. 79 (12), 15 June 1996 0021-8979/96/79(12)/92techniques have been employed in its production, including
implantation of silicon into silica,12–14 implantation of oxy-
gen into silicon,15,16 plasma enhanced chemical vapor depo-
sition ~PECVD!,17,18 low-pressure chemical vapor deposition
~LPCVD!,19,20 and co-sputtering of silicon and oxygen.21,22
X-ray diffraction and transmission electron microscopy
~TEM! studies have confirmed the presence of clusters of
silicon atoms in the SiO2 matrix.18 Depending on the depo-
sition technique and postprocess annealing, these inclusions
can be either amorphous or crystalline: initially amorphous
clusters tend to crystallize on annealing. Recent results have
demonstrated broadband light emission from the blue to near
infrared from material containing silicon aggregates of vary-
ing sizes.12–18 However, there is considerable uncertainty
about the nature of the luminescence mechanism from
silicon-rich silica. A number of possibilities present them-
selves: radiative recombination of confined excitons within
silicon clusters ~‘‘quantum dots’’!,23 defect luminescence,24
interfacial effects at cluster surfaces,25 and luminescence
from novel siloxene molecules.26 Each of these proposed
mechanisms has its proponents and supporting experimental
evidence, leading to a very confused picture. Photolumines-
cence studies carried out to date have failed to conclusively
identify a unique luminescence mechanism and there are a
number of contradictory reports in the literature. Some
groups have reported bright, broadband emission from as-
grown thin films of silicon-rich silica,17 while other groups
see nothing until their samples are annealed.27 While some
reports show a redshift of peak luminescence wavelength
with increasing annealing temperature,13,24,27 others exhibit a
fixed spectral distribution.14,28 Similarly, it is not clear
whether temperature quenching of luminescence is signifi-
cant in this material: some groups show a strong dependence
of luminescence intensity on sample temperature,28 others
see no change on cooling samples to 70 K.24
As yet there is no model which adequately explains the
wide range of experimental observations: it seems possible929191/10/$10.00 © 1996 American Institute of Physics
that more than one mechanism contributes to luminescence.
It may be that several mechanisms operate at once or that
different processes are favored by different growth condi-
tions and/or postprocessing. Recently, a few groups, notably
Shimizu-Iwayama and co-workers,13,14 Fischer et al.,17 and
to some extent Komoda et al.12 have begun to make progress
in identifying mechanisms. Studying silicon-implanted silica,
Shimizu-Iwayama identified two bands in the photolumines-
cence spectrum, one around 2.2 eV and another at 1.7 eV.
Using electron spin resonance ~ESR! spectroscopy, they de-
tected the presence of a large number of defects in their
samples prior to annealing. These defects are associated with
oxygen vacancies in silica.13,14 The number of defect centers
detected by ESR falls rapidly on annealing at temperatures in
excess of 600 °C, and the photoluminescence band appears
to be strongly quenched at the same rate. Making a link
between the two observations, Shimizu-Iwayama et al. pro-
posed that defects are the source of the high-energy emission
from SiOx , and some form of quantum confinement effect
produces the 1.7 eV band which does not appear until
samples are annealed at temperatures above 1100 °C. In sub-
sequent articles by the same group, the 2.2 eV luminescence
has been linked specifically with defects at the silicon
cluster/SiO2 interface.14 Komoda’s results12 also indicated
the presence of two bands in the luminescence spectrum of
Si1 implanted silica. There was evidence for both confine-
ment of excitons and defect luminescence.
Studying silicon-rich silica films deposited using
PECVD, Fischer et al.17 identified contributions to the pho-
toluminescence from two distinct regions: small nanometer-
size silicon inclusions with relatively high carrier mobility,
and highly localized luminescent centers within the bulk ma-
trix. These conclusions were deduced from temperature
quenching and temperature-related shifts in the energy of the
photoluminescence band.
We have undertaken a comprehensive study of the pho-
toluminescence properties of silicon-rich silica and have
shown that it is possible to control the peak luminescence
wavelength and spectral distribution through careful choice
of growth conditions and postprocess annealing. We have
identified two mechanisms which are responsible for light
emission from this material. These give rise to two lumines-
cence bands: one centered around 2 eV, the other between
1.5 and 1.8 eV. The annealing behavior of the two bands
implies that the higher energy transition is associated with
defect centers while the lower energy band is the result of
emission from confined excitons within silicon clusters. Fou-
rier transform infrared ~FTIR! observation of Si–H and Si–
O–Si bands yields valuable information on the role of hy-
drogen desorption and the annealing of oxygen vacancy
related defects. We conclude that our results are in broad
agreement with those of Shimizu-Iwayama, Komoda, and
Fischer et al., and we identify growth conditions which can
favor either of the two luminescence mechanisms.
II. EXPERIMENT
A number of silicon-rich silica films were deposited on
lightly doped p-type ^100& silicon wafers using PECVD. The
sample wafers were first thoroughly cleaned under clean-9292 J. Appl. Phys., Vol. 79, No. 12, 15 June 1996room conditions using acetone and isopropyl alcohol fol-
lowed by sulphuric and nitric acids and finally rinsed with
de-ionized water. After placing in the reaction chamber, the
wafers were cleaned again with an argon plasma for 5 min. A
modified capacitively coupled PlasmaTech PD80 machine
was used for the deposition. Precursor gases were a silane/
argon mix @5% silane ~SiH4! in argon# and nitrous oxide
~N2O! as silicon and oxygen sources, respectively. The ni-
trous oxide flow rate was fixed at 10 sccm and the silane/
argon mixture flow rate changed from run to run between
240 and 120 sccm. A 13.56 MHz rf generator was used to
dissociate the precursor gases, the power being varied from
run to run between 10 and 30 W. Substrate temperature was
set in the range 120–200 °C, and deposition time was either
60 or 120 min. Details of the films deposited are summarized
in Table I.
After deposition, each film was divided into a number of
pieces which were then annealed under argon for 90 min at a
series of temperatures between 200 and 1000 °C.
Photoluminescence spectra were measured for each film
using a Coherent argon–ion laser operating at 351, 457, or
476 nm as the excitation source. For measurement of room-
temperature spectra, samples were in air, while for measure-
ment of spectra at low temperatures samples were placed in a
Janis Supertran continuous-flow liquid nitrogen cryostat.
Temperature control of 0.1 K between 70 and 300 K was
achieved using a LakeShore 321 temperature controller and
heater. Spectra were dispersed using a Bentham M300
monochromator and detection was via a Bentham 231 side
window photomultiplier tube, a current preamplifier, and
lock-in amplifier. Both the detection electronics and mono-
chromator were computer controlled; care was taken to en-
sure that the spectra were as accurate and repeatable as pos-
sible. A diffraction grating was used as a premonochromator
to filter out plasma lines from the laser and a Schott glass
filter ~OG495! placed immediately following the collection
optics served to prevent the scattered laser line entering. A
standard Bentham IL1 stabilized tungsten bulb white-light
source was used to calibrate the entire optical system of col-
lection lenses, monochromator, and photomultiplier tube. It
was found that over the range studied the system response
was very sensitive to the nonlinearity of response of both the
photomultiplier tube and the monochromator grating. We
TABLE I. Deposition parameters.
Sample
N2O:SiH4
flow rate
~sccm/10!
rf power
~W!
Substrate
temp.
~°C!
Chamber
pressure
~mTorr!
Deposition
time
~min!
SS9 18:1 10 125 100 60
SS10 20:1 10 125 100 60
SS11 22:1 10 125 100 60
SS12 24:1 10 125 100 60
SS3 16:1 10 125 100 60
SS14 14:1 10 125 100 60
SS24 18:1 10 170 100 120
SS26 14:1 10 200 100 60
SS27 18:1 30 200 300 60
SS28 12:1 10 200 100 60
SS29 18:1 30 200 100 60Kenyon et al.
J. Appl. Phys., VolTABLE II. Film composition and thickness measured by SIMS.
Sample
Si~O!
~at. %!
Si~e!
~at. %!
O
~at. %!
N
~at. %!
C
~at. %!
Thickness
~mm!
SS24 28.8 8.5 56.6 4.6 1.6 3.1
SS26 33.3 0.2 54.6 6.3 5.6 0.25
SS27 30.9 0.8 62.8 4.8 0.8 1.0
SS28 27.0 8.4 55.1 6.0 3.5 0.38
SS29 22.4 19.3 49.6 6.9 1.9 0.27cannot stress too strongly how important it is to carry out a
thorough study of the system response and to correct spectra
accordingly. All too often, spectra are presented in the litera-
ture which are not corrected for system response. In the case
of spectra as broad as those reported here, it is almost im-
possible to draw any conclusions about underlying mecha-
nisms on the basis of uncorrected data, as peak positions,
linewidths, and peak shapes can change enormously when
the system response has been removed. Particular attention
must be paid to the long wavelength region of the spectrum,
as the photomultiplier tube response is highly nonlinear be-
low 1.7 eV. In this case, care was also taken to eliminate any
contribution to the spectra from photoluminescence induced
in the Schott glass filter by the scattered laser light. Although
weak, photoluminescence from the filter could be a problem
when studying weak photoluminescence spectra. The filter
was placed immediately adjacent to the last lens of the col-
lection optics, at which point the scattered laser light was
diffuse and unfocused.
In order to study defects within the films, a number of
samples, both as-deposited and postannealing, were studied
using ESR. Scans were centered around g52.
In order to monitor the chemical changes within the
films brought about by annealing, selected films were studied
using FTIR. This allowed the determination of such changes
as loss of hydrogen ~i.e., reduction in Si–Hx signal! and in-
crease in oxidation state of silicon ~i.e., increase in Si–O–Si
signal!. The instrument used was an FTIR microscope with a
resolution of approximately 80 mm.
Samples of as-grown films were analyzed for chemical
composition using both secondary ion mass spectroscopy
~SIMS! and electron-probe microanalysis. In particular, we
were interested in the ratio between elemental and oxidized
silicon. This was readily obtained from SIMS data. Film
thicknesses for selected samples were measured using Talys-
tep.
III. RESULTS
A. Thickness and composition
Table I shows the deposition parameters for the samples
studied. In those cases in which the composition was mea-
sured by SIMS, the results are tabulated in Table II along
with thicknesses. It is interesting to note the large variations
in film thickness, indicating very different growth rates. In
particular, although the deposition time for SS24 is twice
that of the other films, its thickness is three times that of
SS27 and ten times that of the remaining three. It should be. 79, No. 12, 15 June 1996noted that film SS27 was in fact very inhomogeneous and
appeared to include large ~;250 mm! particulates, presum-
ably amorphous silicon. This may be a consequence of the
high pressure in the deposition chamber during film growth.
B. Photoluminescence
Figure 1 shows photoluminescence spectra for sample
SS24 both as-grown and following annealing at Ta5400 °C.
The presence of strong thin-film interference fringes in the
spectra serves to confuse the interpretation, so subsequent
figures have had fringes removed using a smoothing algo-
rithm. Figure 2 shows spectra for sample SS24 following
anneals at 300, 400, 500, and 600 °C. Figure 3 shows spectra
from the same sample for Ta5600, 800, and 1000 °C. All
intensities are normalized with respect to the 400 °C an-
nealed sample and the data are shown on two separate graphs
for clarity. Figures 4 and 5 show similar spectra for samples
SS26 and SS28. Again, all intensities are normalized to the
400 °C annealed sample of SS24 and are therefore directly
comparable. In a number of cases there appear to be two
distinct bands in the photoluminescence spectra which are
separated by up to 0.5 eV.
C. Fourier transform infrared
Figure 6 shows FTIR data for sample SS26. Spectra are
presented for unannealed, 300 °C annealed, and 400 °C an-
nealed samples. For sample SS24, the Si–Hx band around
2200 cm21 is magnified in the inset. Table III gives the as-
FIG. 1. Room-temperature photoluminescence spectra of portions of sample
SS24 as-grown and following a 400 °C anneal.9293Kenyon et al.
signments of FTIR bands observed in SiOx samples. The
bands around 2200 cm21 associated with Si–Hx stretches are
shifted up in energy by approximately 100 cm21 with respect
to the corresponding bands in hydrogenated amorphous sili-
con. This can be ascribed to the effect of the SiO2 matrix
around the Si–H sites. In particular, it is worth noting that
for SS24 the 2200 cm21 band shows some evidence of three
separate bands at 2150, 2200, and 2250 cm21. From com-
parison with Petrova–Koch et al.’s work on FTIR of porous
silicon,29 these can be assigned as Si–H, Si–H2, and Si–H3
stretches, respectively. Furthermore, from the same article, it
can be inferred that the separation of the Si–Hx band into its
three components implies ‘‘large’’ clusters ~.20 Å diam! of
silicon with hydrogen terminations. Conversely, the broaden-
ing of the bands by the local electric field around ‘‘small’’
clusters ~,20 Å diameter! tends to lead to spectra with a
broad Si–Hx band. We may expect further inhomogeneous
broadening of the FTIR bands by the presence of the ex-
tended SiO2 matrix, so this estimate of the transition between
small and large clusters is at best a rough estimate. However,
it is reasonable to conclude that if the Si–Hx band is not
resolvable into its three components, then our samples con-
FIG. 3. Smoothed room-temperature photoluminescence spectra of sample
SS24 as a function of annealing temperature.
FIG. 2. Smoothed room-temperature photoluminescence spectra of sample
SS24 as a function of annealing temperature.9294 J. Appl. Phys., Vol. 79, No. 12, 15 June 1996tain silicon clusters which are of the same order of magni-
tude as Petrova–Koch’s estimate, i.e., less than 100 Å in
diameter.
Figure 7 shows the dependence of the intensity of the
FTIR bands at 2200 cm21 ~Si–Hx!, 1100 cm21 ~Si–O–Si!,
and 1025 cm21 ~Si–O–Si! on annealing temperature for
sample SS26. There is a clear reduction in the hydrogen
content of the film as Ta increases. The Si–Hx band has
completely disappeared following the 1000 °C anneal. Ac-
companying this is an increase in both of the Si–O–Si bands
up to Ta5600 °C, implying an annealing out of oxygen va-
cancies. It is not clear what the cause of the subsequent de-
cease in these bands at Ta51000 °C is, but it could possibly
be due to growth of silicon clusters.
D. Electron spin resonance
Figure 8 shows ESR spectra for a control sample of cut
silicon and similar sized pieces of sample SS26 annealed
over a range of temperatures. The presence of a strong signal
around g52.005 in the latter and its absence in the former
suggests that this signal is not due to dangling bonds formed
by cleaving the silicon substrate, but is from paramagnetic
defects associated with oxygen vacancies in the film. A g
value of 2.0055 is generally taken as a diagnostic of the
presence of Pb centers in silica, or their analogue in amor-
phous silicon, the D center. Both of these defects consist of
an unpaired spin located on a silicon atom bonded to three
further silicon atoms ~Si3wSi"!. In the case of amorphous
silicon, such defects are characterized as dangling bonds at
the surface,30 while in the case of silica films on silicon, Pb
centers can often be associated with oxygen vacancies at the
FIG. 4. Smoothed room-temperature photoluminescence spectra of sample
SS26 as a function of annealing temperature.
TABLE III. FTIR bands and assignments.
Frequency
~cm21! Assignment
1050 Si–O–Si
1100 Si–O–Si
2150 Si–H
2200 Si–H2
2250 Si–H3Kenyon et al.
Si/SiO2 interface.30,31 It may therefore be the case that the Pb
centers in our samples are located at the cluster/silica inter-
face. Studies of the passivation and depassivation of Pb cen-
ters in thin film SiO2 have demonstrated an increase in Pb
content on annealing at T.500 °C in vacuum, argon, nitro-
gen, and air.30 Further annealing at higher temperatures can
reduce defect concentration by compensating dangling bonds
with interstitial oxygen and water. The rapid increase in ESR
signal above T5500 °C agrees well with other observations
of the annealing behavior of the Pb center. The decrease
between T5200 and 500 °C may be due to an initial uptake
of interstitial hydrogen.
E. Low-temperature photoluminescence
Figure 9 presents photoluminescence spectra obtained at
70 and 300 K for sample SS24 following a 400 °C anneal.
On cooling to cryogenic temperatures an increase in the peak
intensity of luminescence by a factor of around 8.5 can
clearly be seen. It is the case for all films studied that there
was some increase in photoluminescence intensity on cool-
ing, but the magnitude of this varied considerably from ap-
proximately 3 ~SS27! to around 8.5 ~SS24!. Figure 10 shows
photoluminescence spectra from sample SS24 obtained at
70, 200, 250, and 300 K. All spectra are normalized to give
peak intensities of 1. A blueshift in the higher energy peak
with increasing temperature is evident, although it is not
clear how the lower energy transition is affected. To inves-
tigate this further, spectra of SS24 taken over the range 70–
300 K were fitted using two Gaussian components. Figure 11
illustrates the shifts in peak energy of the two components
with temperature; Fig. 12 shows the temperature dependence
of the photoluminescence intensity. Over the range of tem-
peratures studied, the temperature quenching of the lumines-
cence appears more significant for the higher energy band. In
particular, the results for the higher energy transition shown
in Fig. 11 are strikingly similar to those presented by Fischer
et al.17
FIG. 5. Smoothed room-temperature photoluminescence spectra of sample
SS28 as a function of annealing temperature.J. Appl. Phys., Vol. 79, No. 12, 15 June 1996IV. DISCUSSION
Looking first at the photoluminescence results, the situ-
ation appears to be complex. Although all the films studied
show broadband emission, not all show bright luminescence
as-grown ~SS27, for example!. Some appear to exhibit a pro-
nounced redshift of the luminescence peak on annealing
~SS24,SS26! while others show this only weakly ~SS29!.
Some films show strong quenching of luminescence when
annealed at temperatures above 600 °C ~SS24,SS26! while
others only begin to exhibit luminescence when annealed at
temperatures in excess of this ~SS27!. This diversity of re-
sults strongly suggests the presence of more than one lumi-
nescence mechanism. From inspection of the smoothed data,
it is clear in most cases that the spectra observed exhibit
contributions from two luminescence bands. This is most
pronounced for sample SS28 but does seem to be the case for
the remaining samples as well. Figure 13 shows room-
temperature photoluminescence data for sample SS24C ~an-
nealed at 400 °C! resolved into two Gaussian components.
This shows bands centered around 1.95 and 1.7 eV.
Looking in more detail at Fig. 13 and bearing in mind
the separation of the spectra into two bands, it becomes pos-
sible to make an analysis of the effects of annealing. The
as-grown film shows predominantly 1.95 eV emission with a
shoulder at 1.75 eV. On annealing to 400 °C, both bands
increase in intensity by a factor of around 7 and the shape of
the spectrum remains largely unchanged. However, after an-
nealing at 600 °C, the 1.95 eV band falls rapidly while the
1.75 eV band exhibits a redshift of around 0.05 eV. Further
annealing of the sample to 1000 °C results in complete
quenching of the 1.95 eV band, attenuation of the low-
energy band but, more significantly, a further redshift of 0.3
eV.
As a general trend, this applies to all the samples stud-
ied: the higher energy band, if present, remains at a fixed
energy around 2 eV regardless of annealing temperature and
becomes completely quenched at temperatures above 600–
FIG. 6. FTIR absorption spectra for sample SS26 as-grown and following
400, 600, and 1000 °C anneals. Inset shows the region around 2200 cm21
magnified for sample SS24.9295Kenyon et al.
800 °C. The lower energy band is present even in samples
annealed at temperatures up to 1000 °C and shows a redshift
with annealing, the magnitude of which varies from sample
to sample. Sample SS29 shows a variation of this pattern: the
2 eV band is rather weak even at Ta5400 °C. The 1.7 eV
band grows rapidly as Ta approaches 400 °C, after which it
quickly becomes quenched and shows little evidence of an
annealing-related redshift. However, the two transitions are
clearly present.
Turning to the question of determining the mechanisms
responsible for the two photoluminescence bands, perhaps
the first point to address is the redshift of the low-energy
band. It has been well established by a number of groups that
annealing silicon-rich silica films at temperatures in excess
of 600 °C results in accretion of excess silicon atoms and
aggregates to form progressively larger clusters.12 If an-
nealed at a high enough temperature for a sufficient time, the
larger silicon clusters will tend to ‘‘swallow up’’ the smaller
ones, resulting ultimately in macroscopic inclusions of
‘‘bulk’’ silicon within the SiO2 matrix. This is referred to as
‘‘Ostwald ripening.’’ 17 An increase in cluster size produces
a reduction in confinement energy and therefore a narrowing
of the optical band gap. Observation of annealing-related
redshifts in luminescence spectra is therefore generally taken
to be good evidence in support of the quantum confinement
hypothesis. The dependence of the photoluminescence en-
ergy on cluster size is well established and formulae have
been published which quantify the relationship between clus-
ter size and band-gap energy.3,32–34 From these, it is sug-
FIG. 7. Dependence of intensities of 2200, 1100, and 1025 cm21 FTIR lines
on annealing temperature for sample SS26.9296 J. Appl. Phys., Vol. 79, No. 12, 15 June 1996gested that a peak luminescence emission around 1.7 eV cor-
responds to cluster dimensions of approximately 4 nm. The
quantum confinement model also predicts a strong increase
in luminescence intensity with decreasing cluster size. This
may help to explain the reduction in photoluminescence in-
tensity accompanying the redshift of the low-energy band on
annealing at Ta.600 °C.
For the case of the high-energy band, the absence of an
annealing-related redshift makes it unlikely that this band is
the result of recombination of confined excitons. However,
luminescence around 1.9 and 2 eV has been noted before in
both amorphous silica and quartz. This is generally associ-
ated with defect states produced by implantation or irradia-
tion. Shimizu-Iwayama’s work suggested the presence of de-
fects in implanted samples and assigned an emission band
around 2.2 eV to defect luminescence from states at the sili-
con cluster SiO2 interface.
Our ESR data do indicate the presence of a significant
number of paramagnetic centers in all the films studied. The
signal at g52.005 is associated with the Pb oxygen vacancy
FIG. 8. ESR spectra for segments of sample SS26 as-grown and following
anneals at a number of temperatures in the range 200–1000 °C. The top
trace is for a control sample of silicon cut to the same size.
FIG. 9. Smoothed photoluminescence spectra of sample SS24 obtained at
70 and 300 K.Kenyon et al.
defect and is present in all the as-grown and annealed
samples. Looking at sample SS24, we observe a concentra-
tion of 531016 spins per gram in the as-grown film. How-
ever, comparison of the annealing behavior of the 2 eV lu-
minescence band with that of the Pb centers shows that it is
unlikely that these defects are responsible for the emission.
For sample SS26, between 200 and 600 °C, the photolumi-
nescence signal increases by a factor of 2 while the ESR
signal at g52.0055 falls sharply. Annealing at temperatures
in excess of 600 °C leads to complete quenching of the 2 eV
band but this is the range over which the ESR signal is
strongest.
There has been considerable debate in the literature over
the origin of the 1.9 and 2 eV luminescence bands in
silica,34,35 but the current model suggests that they are due
to emission from nonbridging oxygen hole centers
~NBOHCs!34 Such defects are usually associated with the
radiolysis of hydroxyl groups or the cleavage of strained
silicon–oxygen bonds by irradiation:
wSi–O–H!wSi–O"1H
wSi–O–Siw!wSi–O"1Siw
However, there is evidence of the presence of NBOHCs
in as-grown CVD oxide films.36 It is puzzling that we do not
FIG. 10. Smoothed normalized photoluminescence spectra of sample SS24
as a function of temperature.
FIG. 11. Peak energy as a function of temperature for sample SS24. Upper
points: data for higher energy band. Lower points: data for low-energy band.J. Appl. Phys., Vol. 79, No. 12, 15 June 1996see the characteristic ESR signal due to the NBOHC at
g52.001. It may thus be that some other, nonparamagnetic
defect is responsible for the 2 eV band. Certainly, on the
basis of our data, we cannot conclusively identify it. There is
some evidence that the electron trap Si3 defect luminesces at
these energies,34 but the presence of this defect in our
samples remains speculation at present. However, the an-
nealing behavior and lack of redshift in the case of the 2 eV
band suggests a defect origin.
The observation that in all cases the 2 eV photolumines-
cence band is completely quenched following anneals in ex-
cess of 600 °C indicates that the quenching mechanism is
tied in with the filling of oxygen vacancies in the silica ma-
trix by diffusion of interstitial oxygen and water. However,
the low-temperature anneal behavior of the 2 eV band re-
quires further investigation.
Looking at the FTIR data, two processes become appar-
ent. First, all the samples studied are initially rich in hydro-
gen to varying degrees, as illustrated by the presence of the
Si–Hx stretch band at 2200 cm21. Annealing the films at
progressively higher temperatures causes a reduction in the
intensity of this band, as is consistent with the evolution of
hydrogen until, following a 600 °C anneal, the band is in all
cases below our detection limit. At the same time, there is a
gradual increase in the Si–O–Si bands at 1100 and 1025
FIG. 12. Photoluminescence intensity as a function of temperature for
sample SS24. Intensities for the two bands obtained by fitting data with two
Gaussian transitions.
FIG. 13. Double Gaussian fit to photoluminescence data from sample SS24.9297Kenyon et al.
cm21, indicating an annealing out of oxygen vacancies as
sufficient thermal energy is delivered to interstitial oxygen
atoms for them to diffuse to fill vacancies. The subsequent
decrease in these bands at Ta.1000 °C may be due to the
growth of silicon clusters and hence the formation of Si–Si
bonds in preference to Si–O bonds.
It is worth noting that in almost all cases studied, the
Si–Hx band around 2200 cm21 was not resolvable into the
three components. This implies that the silicon clusters being
studied are less than 100 Å in diameter.
It would initially be expected that removal of hydrogen
from hydrogen-rich SiOx films would produce a large num-
ber of dangling bonds which would in turn act as nonradia-
tive recombination centers and quench luminescence.37
However, there is a clear increase in the photoluminescence
intensity from the 2 eV band following annealing at
Ta,600 °C. FTIR data certainly indicate almost complete
removal of hydrogen by this point. This suggests that the
evolution of hydrogen from the films at Ta,600 °C serves to
increase the population of optically active defects at a rate
which is greater than that of their annihilation by thermally
excited interstitial oxygen atoms. This is perhaps unsurpris-
ing when the differences in mobility between oxygen and
hydrogen are considered. However, the nature of the defect
responsible for the 2 eV band is not clear. We assume that it
is produced by the cleavage of Si–H or O–H bonds and may
be generically similar to the NBOHC, although it does not
appear to be ESR active.
The dangling bonds left by hydrogen evolution exist in a
very different environment from that seen by similar dan-
gling bonds in either porous or amorphous silicon. In the
case of SiOx , the presence of the extended SiO2 network
around the dangling bond sites means that they cannot be
considered in isolation as nonradiative recombination cen-
ters. The conventional picture is that an increase in dangling
bonds leads to a sharp decrease in photoluminescence;37 this
is known to be very much the case in both amorphous and
porous silicon.38,39 In both materials the presence of even a
small number of dangling bonds serves to completely quench
photoluminescence. However, it appears that for the particu-
lar case of silicon-rich silica, the defect centers produced by
annealing and associated hydrogen evolution act as radiative
recombination sites.
Figure 14 illustrates a suggested scheme for the forma-
tion of defect centers in SiOx films by hydrogen evolution.
Figure 14~a! shows the initial hydrogenated silicon-rich
silica matrix. Heating this at Ta,500 °C rapidly drives off
hydrogen, leaving silicon dangling bonds @Fig. 14~b!#. Fur-
ther heating at Ta.500 °C allows interstitial and nonbonded
oxygen atoms and water molecules to diffuse to the oxygen
vacancy sites @Fig. 14~c!#, leading eventually to full compen-
sation of the dangling bonds @Fig. 14~d!#. At this point, the
existing silicon clusters may begin to grow as interstitial sili-
con atoms diffuse.
Although all films studied exhibit broadly similar photo-
luminescence spectra, i.e., bands at 2 eV and 1.5–1.75 eV,
the relative magnitudes and absolute positions of the two
bands vary considerably. Some samples show only a weak
contribution from the 2 eV band while others exhibit pre-9298 J. Appl. Phys., Vol. 79, No. 12, 15 June 1996dominantly defect luminescence with little signal from sili-
con clusters. The FTIR results indicated that those films
which were initially very hydrogen rich were those which
showed the greatest contribution from defect luminescence
and the greatest increase in the 2 eV luminescence band for
Ta,500 °C. These tended to be those films which were
grown at low rf power and high chamber pressure. Under
these conditions more hydrogen is likely to be incorporated
into the growing film as a result of less complete dissociation
of silane. Conversely, those grown at higher powers and
lower pressures showed a stronger contribution from the 2
eV band. This suggests the possibility of controlling the pho-
toluminescence properties of SiOx through careful choice of
growth parameters. ‘‘True’’ quantum confinement effects
only appear to be dominant for films which contain few in-
trinsic defects, i.e., those which are initially low in hydrogen
or those which have been annealed at Ta.500 °C. Con-
versely, the brightest visible luminescence is obtained from
defect-rich films. This may help to clarify some of the con-
fusion surrounding the contradictory reports of some SiOx
films exhibiting photoluminescence as-grown, and others
only showing this following relatively high temperature an-
neals. It may be the case that films grown by those groups
who report no luminescence as-grown contain very little hy-
drogen, and consequently exhibit no defect photolumines-
cence. Assuming the excess silicon to be evenly distributed
in these samples, luminescence from quantum confinement
of excitons will only be seen when the samples are heated to
temperatures sufficient for silicon clusters to aggregate.
It should be borne in mind that the peak energy and
intensity of the low-energy luminescence band are not nec-
essarily determined by the amount of excess silicon present
in a film. What is more important is the size distribution of
silicon aggregates. The excess silicon may be present as very
FIG. 14. Scheme for creation of dangling bonds by thermal evolution of
hydrogen followed by compensation by diffusion of interstitial oxygen. The
sequence runs from low to high annealing temperature showing: ~a!–~b!:
rapid removal of hydrogen and ~c!–~d!: slow diffusion of oxygen to result-
ant dangling bond centers.Kenyon et al.
widely distributed small inclusions or as a smaller number of
large clusters. The two cases will lead to very different pho-
toluminescence spectra and annealing behavior. The lumi-
nescence properties of films are therefore not necessarily de-
termined by overall film stoichiometry: differences in growth
conditions ~i.e., rf power, chamber pressure, substrate tem-
perature, etc.! can produce very different films with the same
elemental composition.
The photoluminescence spectra of all samples show a
temperature quenching effect, albeit of a varying degree.
Sample SS24 showed the most significant change, with a
reduction in integrated luminescence intensity of around 8.5
on warming from 70 to 300 K; that seen in other samples
was sometimes significantly smaller than this. The shift in
luminescence peak energies with temperature is significant:
the defect-associated band exhibits behavior very similar to
that reported by Fischer et al. which has been associated
with highly localized radiative recombination centers in the
bulk matrix.17 A blueshift of this type is normally associated
with the presence of a strong nonradiative recombination
process in the bulk material. The absence of such a blueshift
in the case of the lower energy band implies a much weaker
nonradiative path.
V. CONCLUSIONS
We have shown that the photoluminescence from
silicon-rich silica films is the result of two separate lumines-
cence mechanisms: defect luminescence, possibly from non-
bridging oxygen centers or related oxygen vacancies, and
radiative recombination of confined excitons. Our results are
in broad agreement with those of Shimizu-Iwayama, Ko-
moda, and Fischer et al. We have proposed a mechanism for
defect production within hydrogen-rich SiOx films which in-
volves evolution of hydrogen at a faster rate than the diffu-
sion of interstitial oxygen to compensate the resultant dan-
gling bonds. Evidence for this mechanism comes from
photoluminescence and FTIR data which indicate a decrease
in hydrogen content accompanied by an increase in photolu-
minescence intensity for Ta,600 °C. Above this tempera-
ture, annealing out of the oxygen vacancies leads to a reduc-
tion in defect luminescence and a growth of silicon clusters
as reflected in a redshift of the low-energy photolumines-
cence peak. However, we are unable at this stage to conclu-
sively identify the luminescent defects as NBOHCs. This
scheme may help to explain some of the apparently contra-
dictory photoluminescence results published elsewhere. De-
pending on the film growth technique, it is possible to pro-
duce SiOx films which exhibit primarily either defect
luminescence or that associated with exciton confinement in
silicon clusters. In the latter case, a redshift of the photolu-
minescence peak with annealing may be readily observed,
dependent on growth conditions, while in the former, anneal-
ing above Ta5500 °C will simply serve to quench the signal.
Also, due to the very broad nature of both bands and the
presence of thin-film fringes in many spectra, in some cases
it requires care to separate the contributions of the two
mechanisms to photoluminescence data.
If silicon-rich silica is to be a viable optoelectronic ma-
terial for use in such applications as displays, optical ampli-J. Appl. Phys., Vol. 79, No. 12, 15 June 1996fiers, and filters etc., then a solid understanding of SiOx lu-
minescence mechanisms is a prerequisite. The aim of this
study was to attempt to reduce some of the confusion sur-
rounding the optical properties of this material, although
there are still a number of questions to be addressed. In par-
ticular, the precise nature of the defect responsible for the 2
eV emission remains to be identified.
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